The fundamental gust modeling assumption is investigated by means of a series of experiments performed in the Purdue Annular Cascade Research Facility. The unsteady periodic flow field is generated by rotating rows of perforated plates and airfoil cascades, with the resulting unsteady periodic chordwise pressure response of a downstream low solidity stator row determined by miniature pressure transducers embedded within selected airfoils. When the forcing function exhibited the characteristics of a linear-theory gust, as was the case for the perforated-plate wake generators, the resulting response on the downstream stator airfoils was in excellent agreement with the linear-theory models. In contrast, when the forcing function did not exhibit linear-theory gust characteristics, i.e., for the airfoil wake generators, the resulting unsteady aerodynamic response of the downstream stators were much more complex and correlated poorly with the linear-theory gust predictions. Thus, this investigation has quantitatively shown that the forcing function generator significantly affects the resulting gust response, with the complexity of the response characteristics increasing from the perforated-plate to the airfoil-cascade forcing functions.
The fundamental gust modeling assumption is investigated by means of a series of experiments performed in the Purdue Annular Cascade Research Facility. The unsteady periodic flow field is generated by rotating rows of perforated plates and airfoil cascades, with the resulting unsteady periodic chordwise pressure response of a downstream low solidity stator row determined by miniature pressure transducers embedded within selected airfoils. When the forcing function exhibited the characteristics of a linear-theory gust, as was the case for the perforated-plate wake generators, the resulting response on the downstream stator airfoils was in excellent agreement with the linear-theory models. In contrast, when the forcing function did not exhibit linear-theory gust characteristics, i.e., for the airfoil wake generators, the resulting unsteady aerodynamic response of the downstream stators were much more complex and correlated poorly with the linear-theory gust predictions. Thus, this investigation has quantitatively shown that the forcing function generator significantly affects the resulting gust response, with the complexity of the response characteristics increasing from the perforated-plate to the airfoil-cascade forcing functions. A number of experiments have been directed at the verification of unsteady aerodynamic models appropriate for blade row forced response prediction and the determination of their applicability and limitations for example [Frank and Henderson [1980] . Fleeter, Jay, and Bennett [1978 , 1981 Gallus, Lambertz, and Wallman [1980] Dring et al. [1982] Hodson [1985] Capece, Manwaring, and Fleeter [1986] , Fleeter [1987, 1989] . In these, the unsteady airfoil row response comparisons with linear theory were made without considering the fundamental gust modeling assumptions. However, it has been found experimentally that the harmonic gust response generated by different but fundamentally equivalent forcing functions are dependent on the particular forcing function, Manwaring and Fleeter [1991] and Kim and Fleeter [1991] .
In an accompanying paper, the fundamental gust modeling assumption was investigated by means of a series of experiments performed in the Purdue Annular Cascade Research Facility, Henderson and Fleeter [1992] . The unsteady periodic flow field was generated by rotating rows of perforated plates and airfoil cascades.
The perforated-plate forcing functions were shown to closely resemble linear-theory forcing functions, with the static pressure fluctuations small and the periodic velocity vectors parallel to the downstream mean-relative flow angle over the entire periodic cycle. In contrast, the airfoil forcing functions exhibited characteristics far from linear-theory gusts, with the alignment of the velocity vectors and the static pressure fluctuation amplitudes dependent on the rotorloading condition, rotor solidity, and the inlet mean-relative flow angle.
In this paper, the resulting effect of the perforated plate and airfoil wake forcing functions which exhibit fundamentally different modeling features on the resulting downstream airfoil row unsteady aerodynamic gust response are presented. The unsteady periodic chordwise pressure response of the downstream stator vanes are determined by miniature pressure transducers embedded within selected symmetric airfoils.
These experiments are performed in the Purdue Annular Cascade Research Facility which features a single rotor-stator stage and experimentally reproduces the fundamental unsteady flow phenomena inherent in axial flow turbomachines. The unsteady periodic forcing functions are generated with rotating rows of perforated plates and airfoil cascades, Figure 1 . The reader is referred to the accompanying paper for a discussion of the research facility and forcing function measurement and analysis, Henderson and Fleeter 119921.
STATOR VANE ROW & INSTRUMENTATION
The low-solidity stator row was comprised of the four instrumented airfoils, two for static and two for dynamic data, resulting in a low solidity value of 0.17. Reduced frequency variations were accomplished by changing both the number of wake generators and the rotor speed. The hot-wire probe was outside the potential field of the lightly loaded stator airfoils. Thus the velocit measurements obtained with the stator airfoils installed were used to nondimensionalize the unsteady pressure measurements. Figure 2 presents the symmetric stator airfoil profiles. The profile coordinates were taken from Abbott and Von Doenhoff [1959] . The airfoil chord and span are equal at 0.152 m (6.0 in.). The instrumented airfoils were assembled from three 0.051 m (2.0 in.) wide spanwise sections fabricated from solid aluminum. The center section houses static pressure taps or dynamic pressure transducers. The twelve chordwise tap locations provide highly detailed spatial resolution of the midspan chordwise pressure distributions. The stator airfoils are mounted through holes in the outer diameter of the test section by trunnions attached at the 35% chord. The stator airfoil stagger angle can be set to within ±0.5°B oth steady and unsteady rotor blade row data are required. The steady data quantify the detailed stator-airfoil steady surface aerodynamic loading distribution, defined by the static surface pressure distribution and the stator-cascade mean inlet flow field, defined by the mean velocity downstream of the rotor. With the unsteady velocity and static pressure fluctuations downstream of the rotor, i.e., the stator vane forcing function specified per the accompanying paper, the unsteady data define the detailed statorairfoil surface periodic aerodynamic loading distribution as specified by the periodic surface pressure distribution.
Static pressure taps and high-response pressure transducers embedded in the stator airfoils are used to obtain the detailed airfoilsurface steady and unsteady pressure data. Four instrumented airfoils are required, two to obtain static pressure distributions on each surface and two to obtain the periodic pressure distributions on each surface. The stator-cascade steady and unsteady velocity fields are measured using a cross hot-wire probe. The total pressure fluctuations downstream of the rotor are measured with an unsteady total pressure probe. The static pressure distributions are calculated by subtracting the velocity (i.e. dynamic) pressure, p 0UJ2, from the total pressure.
The airfoil unsteady surface pressures are measured with PCB Piezotronics model 103A piezoelectric pressure transducers. The transducers have a nominal sensitivity of 0.22 mv/Pa (1500 my/psi) and a natural frequency of 13 kHz. After the transducers were installed in the airfoil, the dynamic response of each airfoil transducer-passage system was experimentally determined to correct for any passage effects.
UNSTEADY DATA ACQUISITION AND ANALYSI S All time variant signals are digitized over one rotor revolution using approximately 2,000 samples. The number of ensemble averages necessary to obtain clean periodic time traces was investigated. Ensemble averaging the hot-wire and pressure transducer signals 150 and 100 times, respectively, produces very clean periodic time traces with the random fluctuations averaged away. The Fourier components of the ensemble averaged time traces are numerically determined with Fast Fourier Transform software. The sample frequency is set and the number of samples is adjusted to produce time records of exactly one rotor rotation period to eliminate frequency leakage problems in Fourier Transform analysis. The sample frequency and number of digitizations are set based upon an accurate rotor rotational speed. The rotor rotational speed is measured by digitizing the shaft trigger signal at the maximum sample frequency and counting the number of samples between shaft triggers.
Pressure Coefficients
The chordwise pressure response data are presented as nondimensional pressure coefficients and are correlated with a steady linear-theory analysis. The unsteady response data are correlated with Smith's 11972] c,^-npressible flow analysis. Both of these analyses account for the cascade stagger angle 'y and the solidity C/S, with Smith's unsteady analysis also considering the reduced frequency kc and the interblade phase angle 6.
The steady data are nondimensionalized by calculating a steady surface pressure coefficient
where p, is the time-averaged airfoil surface pressure and P_ is the free stream pressure measured on the test-section outer diameter just upstream of the stator cascade.
The steady differential pressure coefficient is defined by
where the subscripts I and u refer to the lower and upper airfoil surfaces, respectively.
The unsteady periodic signals are Fourier decomposed and each pressure harmonic nondimensionalized by calculating an unsteady surface pressure coefficient
where p and represent the harmonic surface pressure and transverse gust component, respectively.
The harmonic differential pressure coefficient is defined by
Direct comparison of the experimental and theoretical steady and unsteady lift coefficients is accomplished by integrating the experimental and theoretical chordwise differential pressure coefficients over the airfoil chord.
r0.95C
The trapezoidal rule is used to evaluate the integral from the discrete differential pressure coefficient data and theoretical predictions. The differential pressure distributions were integrated from the leading edge tap location, 0.025C, to the trailing edge tap location, 0.95C. In a similar manner experimental and theoretical quarter-chord moment coefficients are calculated.
The complex valued unsteady pressure coefficients, lift coefficients, and moment coefficients contain both amplitude and phase angle information. These quantities are referenced to the transverse gust sinusoid measured by the cross hot-wire on the airfoil leading edge plane. To obtain pressure coefficients for a single equivalent airfoil, the pressure signals are phase corrected to account for the circumferential locations of the instrumented airfoils. The uncertainty of the measured surface pressure coefficents is estimated at 10% where the response is large near the leading edge.
RESULTS
A series of experiments were performed to investigate the the unsteady aerodynamic gust response of a downstream symmetricairfoil stator cascade to perforated-plate and airfoil-cascade forcing functions. A similar axial velocity was utilized in these experiments corresponding to a Reynolds number of approximately 500,000 based on the stator-airfoil chord length. The stator-airfoil steady loading was small for the entire forcing function experimental investigation due to the small angle-of-attack between the axially aligned (zero stagger angle) symmetric stator airfoils and the nearly axial rotor exit flow. The rotor exit flow was very close to axial due to the the small swirl angles, a2 less than 5°, imparted by the wake generators. Figure 3 presents the airfoil steady chordwise surface and differential pressure coefficients obtained in a steady flow field. The correlation with linear theory is excellent for angles-of-attack less than 15'. At a = 0° the surface pressures are coincident resulting in zero differential pressure coefficients. For angles-of-attack greater than 10°, stalling is evident. For all of the unsteady gust response experiments, the angle of attack was less than 5°.
Airfoil Surface Static Pressures

Perforated-Plate-Generated Response
The unsteady aerodynamic gust response of a low-solidity symmetric-airfoil cascade to wide perforated-plate forcing functions is shown in Figure 4 in terms of the unsteady fundamental-harmonic lift and moment coefficients CL and CM, cjL. The upper two plots present the lift and quarter-chord moment coefficient magnitudes and the lower two plots the lift and quarter-chord moment coefficient phase angles. The reduced frequency is varied by changing the number of perforated plates or changing the rotor speed. Also presented are the theoretical predictions from Smith's linearized compressible cascade analysis. Changing the number of perforated plates changes the interblade phase angle, but only four interblade phase angles a are possible with four airfoils comprising the stator cascade. However, the 6 = 90° and 270° predictions are the same for an unstaggered cascade. The discontinuities in the predictions result from the acoustic resonance condition. The interblade phase angle of each data point is indicated by the location of a tick mark on the symbol. A tick mark at the 12-o'clock, 3-o'clock, 6-o'clock, and 9-o'clock position designates interblade phase angles of 0', 90°, 180°, and 270°, respectively. Note that the perforated-plate forcing functions closely match linear theory gusts of these experiments.
The measured unsteady lift coefficients correlate almost exactly with the theoretical predictions in both the magnitude and phase plots. The quarter-chord unsteady moment coefficient magnitudes are very small and also correlate well with the theoretical predictions. The moment coefficient phase angles deviate from theory when the lift-coefficient phase-angle correlation is used as a basis of judgement. However, note that the quarter-chord moment-coefficient phase angles are of little consequence because of the very small moment coefficient magnitudes.
The effect of reduced frequency on the chordwise unsteady pressure gust response of the airfoil cascade to perforated-plate forcing functions is illustrated in Figures 5 and 6 The same rotor speed was utilized in each experiment with the reduced frequency changed by increasing the number of plates (i.e. increasing rotor solidity) from five to fifteen. The upper and lower surfaces correspond to the suction and pressure surfaces for positive mean angles-of-attack.
The lower-surface response magnitude decreases monotonically from the leading to trailing edge, whereas the upper-surface response magnitude decreases rapidly over the leading quarter chord then increases slightly, so that a relative minima, a dip, in the data trend is predominant near the quarter chord. The dip moves forward with reduced frequency. The lower-surface response phase angle is relatively flat, with the upper-surface response phase angle more a function of chord location. The upper and lower-surface responses are approximately equal in magnitude and approximately 180° out of phase at the leading edge. At the trailing edge, the Kutta condition is approached as the upper and lower-surface pressure coefficients are again approximately equal in magnitude and are now nearly in phase. The differential-pressure coefficients are in excellent agreement with the theoretical predictions in both magnitude and phase.
The effect of rotor speed on the chordwise pressure response of a low-solidity symmetric-airfoil cascade is presented Figures 7 and 8 . A low and high-rotor-speed setting were utilized, with the higherrotor speed twice that of the lower. The reduced frequency was held constant at the lowest value by using half as many wake generators in the higher-rotor-speed experiment. The forcing function investigation showed that doubling the rotor speed approximately doubles the transverse gust amplitude by decreasing the angle between the downstream mean flow and the gust propagation direction, Henderson and Fleeter (1992] . However, there are only small differences in the surface unsteady pressure response or differential-pressure coefficients between the two cases. The uppersurface response phase angles deviate near the midchord, but only where the magnitudes are small. Thus, for these symmetric airfoils, the correct classical linear theory pressure measurement scaling factor is the transverse gust-component amplitude.
Airfoil-Cascade-Generated Response
The unsteady aerodynamic gust response of the low-solidity symmetric-airfoil cascade to airfoil-cascade wake forcing functions is presented in terms of the unsteady fundamental-harmonic lift and moment coefficients in Figure 9 . The rotor speed was held constant with the reduced frequency increased by adding airfoils, i.e. increased rotor solidity. Rotor-solidity values are indicated on the abscissa.
The trends of the unsteady aerodynamic coefficients do not following the linear-theory predictions. The unsteady lift-coefficient magnitude correlation is poor for all rotor loading conditions, with the turbine-loading conditions producing the poorest correlations. The quarter-chord unsteady moment coefficients, both predicted and measured, are small compared to the unsteady lift coefficient magnitudes. However, the forcing functions are far from linear-theory gusts, i.e. the static pressure fluctuations are high and the linear-gust parameter correlation is poor, Henderson and Fleeter [1992] which coincides with the poor response correlation. The issue of relating the gust-parameter correlation to the response correlation is confused by the competing characteristics of the forcing function such as the unsteady velocity profile and the large static pressure fluctuations. The only clear trend evident in the response data is based on rotor-loading conditions. Considering each set of constant-solidity data, the unsteady lift coefficient magnitudes increase as the rotor loading is changed from compressor to turbine conditions. This behavior corresponds with the decreasing ( (3 µ, -fi?) values, Henderson and Fleeter [1992] , as the rotor loading changes from compressor to turbine conditions. The effect of rotor-loading conditions on the chordwise unsteady response of the low-solidity symmetric-airfoil cascade is presented in Figures 10, 11 and 12 for the lowest reduced frequency value. The response trends on the upper surface are similar for all rotor-loading conditions from the leading edge to 65% chord. The upper-surface responses decrease monotonically from the leading edge to the midchord then increase slightly. The upper-surface phase angles are relatively equal for each loading condition and slope downward from the leading edge to 65% chord. Over the aft quarter chord the uppersurface response trends are functions of rotor-loading conditions. The lower-surface response trends are also similar from the leading edge to 65% chord. The lower-surface response magnitudes decrease monotonically from the leading edge to the midchord. The lower-surface response phase angles are weak functions of chord position from the leading edge to 65% chord. Over the aft quarter chord the lower-surface response trends are functions of rotorloading conditions.
Comparing the two surfaces shows that the upper-surface unsteady response magnitudes are greater than the lower-surface values for compressor-loading conditions. As neutral and turbine loading conditions are introduced, the lower-response magnitudes increase greatly from the leading edge to the 65% chord so that the lower-surface response magnitudes are greater than the upper-surface values. The upper-surface response magnitudes also increase near the leading edge but to a much lesser extent. The upper-surface response magnitudes remain small near the 35% chord for all rotor loading conditions. Near the leading edge the surface response phase angles are approximately 180° apart. The surface response satisfies the Kutta condition as the magnitudes and phase angles are nearly equal at the trailing edge.
The unsteady differential-pressure-coefficient magnitudes follow the trend of the linear-theory predictions, but the data are shifted to higher values as the rotor-loading changes from turbine to compressor conditions. The response magnitude correlation is poorest for the turbine loading. The differential-pressure-coefficient phase angles for the neutral and turbine-loading cases are relatively flat from the leading edge to the 65% chord. The flat phase angle response trend is consistent with the linear-theory predictions, but the data are larger in value than the predicted values. The compressorcase phase angles slope slightly downward from the leading edge to 55% chord but are near the linear theory prediction. The variation in the unsteady differential-pressure-coefficient magnitudes and lift coefficients is obviously due to some rotor-loading dependent characteristic of the forcing function which affects the lower-surface more than the upper-surface by greatly increasing the response magnitude.
The effect of the rotor-loading condition on the chordwise pressure response of the low-solidity symmetric-airfoil stator cascade is presented in Figure 13 , 14 and 15 for an intermediate reduced frequency value. The upper-surface response magnitude trends are similar for all rotor-loading conditions from the leading edge to the midchord. The response magnitudes decrease monotonically from the leading edge to midchord. Near the trailing edge the response magnitude trends are a function of rotor-loading conditions. Note the dramatic increase in response magnitude at 75% chord as the rotor loading changes from compressor to turbine conditions. The uppersurface response phase angles are very flat for neutral and turbine loading conditions from the leading edge to the 35% chord, whereas the compressor-case response phase angles decrease over the same portion of the chord. Over the aft half chord, the upper-surface response trends are strong functions of rotor-loading conditions.
The lower-surface response magnitudes exhibit very different chordwise trends. The response magnitudes decrease from the leading edge to the 17% chord then remain relatively constant to 65% chord. The turbine and neutral-case response phase angles increase slightly then decrease slightly from the leading edge to the midchord, whereas the reverse occurs for the compressor-case. The lowersurface response trends are much weaker functions of rotor-loading conditions near the trailing edge as compared to the upper-surfaces responses.
Both surface unsteady pressure response magnitudes are affected by rotor-loading conditions. Under compressor loading conditions, the lower-surface response magnitudes are smaller than the uppersurface values over the leading half chord. As the rotor loading changes from compressor to turbine conditions the response magnitudes increase greatly near the leading edge on the upper surface but remain relatively constant near midchord. The lowersurface response magnitudes are affected over a much larger portion of the chord, from the leading edge to 65% chord, and to a greater extent. Under turbine-loading conditions the response magnitudes of each surface are similar near the leading edge. The response phase angles are not greatly affected by rotor loading over the leading half chord and are approximately 180 0 out of phase near the leading edge The response magnitudes and phase angles are approximately equal on each surface near the trailing edge, thus satisfying the Kutta condition.
The unsteady differential-pressure-coefficient magnitudes correlate well with the linear-theory predictions under compressorloading conditions over the leading half chord. As neutral and turbine loading conditions are introduced the unsteady differentialpressure coefficients increase in magnitude and slope dramatically from the leading edge to the 65% chord. This behavior is dominated by the drastic increases in the lower-surface response. The abrupt increase in the 75% chord unsteady differential-pressure-coefficient magnitude is linked to the upper-surface response. The differentialpressure-coefficient phase angles are constant over the entire airfoil chord for neutral loading and constant over the leading half chord for turbine loading. The compressor unsteady differential-pressurecoefficient phase angles depend more upon chordwise position, decreasing with chord location over the leading half chord. The differential-coefficients are strong functions of rotor-loading conditions near the trailing edge which is linked to the more varied upper-surface response.
The effect of rotor-loading condition on the chordwise pressure response of the low-solidity symmetric-airfoil stator cascade is shown in Figures 16, 17 and 18 for the high-reduced-frequency value. The upper-surface response trends are similar for all loading conditions from the leading edge to 65% chord. The response magnitudes decrease monotonically from the leading edge to the quarter chord then increase to 65% chord. Similar to the perforatedplate responses, the dip in the upper-surface response magnitude moves forward with reduced frequency, demonstrated by comparing Figures 13-15 and 16-19 . The upper-surface response phase angles are very similar for neutral and turbine loading conditions from the leading edge to 75% chord and are relatively constant near the leading edge. The upper-surface compressor-loading phase angles decrease near the leading edge. The upper-surface response phase angles are very similar for all rotor loading conditions from 45% chord to 65% chord. Over the aft quarter chord, the upper surface response trends are functions of rotor-loading conditions.
The lower-surface response magnitude trends are very similar for neutral and turbine-loading conditions. The response magnitudes decrease monotonically from the leading edge to the quarter chord, with a slight increase occurring at 35% chord followed by a monotonic decrease to 65% chord. The compressor-loading response magnitudes decrease monotonically from the leading edge to the quarter chord then increase slightly to 75% chord. The lowersurface response phase angles are very similar for all rotor-loading conditions from the leading, edge to 65% chord. Over the aft quarter chord, the response trends are functions of rotor-loading conditions.
The lower-surface unsteady pressure response magnitude is much more a function of rotor-loading than the upper-surface response magnitude. The lower-surface response magnitude increases greatly from the leading edge to the midchord as the rotor loading changes from compressor to turbine conditions. The uppersurface increases near the leading edge but to a much lesser extent. The upper-surface response magnitude is unaffected by rotor loading near the quarter chord. The response phase angles are relatively weak functions of rotor loading from the leading edge to 65% chord.
Under compressor loading conditions, the trend of the unsteady differential-pressure-coefficient magnitude data departs from the linear-theory prediction as evident by the dip at the 25% chord. The compressor unsteady differential-pressure-coefficient phase angles are a strong function of chord position and also depart from the flat phase-angle prediction. The neutral and turbine unsteady differentialpressure-coefficient magnitude data follow the trend of the lineartheory prediction but are shifted to higher values for turbine-loading conditions. The unsteady differential-pressure-coefficient phase angles are relatively flat over the first 65% of the chord for neutral and turbine-loading conditions. Similar to the other chordwise response results, the changes in the unsteady differential pressure coefficients due to rotor-loading conditions are dominated by the response behavior of the lower surface.
SUMMARY AND CONCLUSIONS
The fundamental gust modeling assumption has been investigated by means of a series of experiments performed in the Purdue Annular Cascade Research Facility. The unsteady periodic flow field is generated by rotating rows of perforated plates and airfoil cascades, with the resulting unsteady periodic chordwise pressure response of a downstream low solidity stator row determined by miniature pressure transducers embedded within selected airfoils. In an accompanying paper, it was shown that the perforated-plate forcing functions closely resemble linear-theory forcing functions. In contrast, however, airfoil forcing functions exhibit characteristics far from linear-theory gusts.
In this paper, the unsteady aerodynamic response of a low solidity stator vane row was determined experimentally, with these data correlated with linear theory predictions. It was found that when the forcing function exhibited the characteristics of a linear-theory gust, as was the case for the perforated-plate wake generators, the resulting response on the downstream stator airfoils was in excellent agreement with the linear-theory models. In contrast, when the forcing function did not exhibit linear-theory gust characteristics, i.e., for the airfoil wake generators, the resulting unsteady aerodynamic response of the downstream were much more complex and correlated poorly with the linear-theory gust predictions.
Thus, this investigation has quantitatively shown that the forcing function generator significantly affects the resulting gust response, with the complexity of the response characteristics increasing from the perforated-plate to the airfoil-cascade forcing functions. airfoil cascade generated harmonic lower airfoil surface chordwise pressure Figure 9 .
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